BACKGROUND Real-time monitoring of radiofrequency (RF) ablation remains challenging.
Introduction
Radiofrequency (RF) energy is widely used since the beginning of the 1990s to treat arrhythmias. 1, 2 However, little is known about the real-time in vivo effect of RF ablation on the atrial wall. Monitoring of RF ablation is limited to indirectly acquired variables such as temperature, impedance, or electrical signal, [3] [4] [5] and uncertainty about the complete achievement of a transmural lesion may impair RF treatment efficacy. 6 In contrast, complications of RF ablation remain most of the time unpredictable owing to the lack of reliable information about morphological atrial wall tissue changes. Recently, new catheters providing contact force information demonstrated their ability to improve quality and reliability of RF. [7] [8] [9] Their use emphasized the transmural extent of the lesion as a critical issue for procedural success. 10 Several attempts have been made to provide additional information on functional and morphological RF-induced changes. [11] [12] [13] [14] [15] [16] Photoacoustic imaging has been used in vitro with encouraging results. 13 Magnetic resonance imaging is limited by spatial resolution and the need of magnetic resonance imaging-compatible equipment. 15 Optical coherence tomography is limited by depth resolution, 16 and acoustic radiation force impulse is still limited in vivo by motion artifacts. 12 One study used a laboratory-made Mmode catheter, 11 and we found no report of the use of clinically available catheters and 2-dimensional echographic imaging.
Ultrasound imaging has been used for years during ablation procedures to monitor catheter position, 17, 18 to help electroanatomical reconstruction, 19 or to visualize anatomical changes, 20, 21 but this was obtained with intracardiac or transesophageal probes that did not offer sufficiently high-definition imaging of the atrial wall throughout RF application.
Intravascular ultrasound (IVUS) imaging use high-frequency (40-MHz) small-diameter (3.5-F) probes and is routinely used for interventional cardiology to perform virtual histology of atherosclerotic plaque and to assess angioplasty results. 22 We hypothesized that an IVUS probe could be coupled to an RF ablation catheter to assess in real time the morphological changes in the atrial wall during RF application in a porcine model. Our first aim was to describe the RF effects on the atrial wall, thus evaluating the ability of highresolution B-mode ultrasonography to guide and secure RF ablation. Our secondary goal was to investigate whether thickness changes in the atrial wall could be relevant to assess the transmural extent of RF lesions as assessed by electrogram (EGM) amplitude changes and histology.
Methods

Animals and experimental protocol
The experimental protocol was approved by the regional ethics committee for animal research (approval no. CEEA-LR-12065). nine large white piglets (weighing 20-30 kg) were anesthetized by intramuscular injection of ketamine (10 mg/kg) and midazolam (1 mg/kg), intubated, and mechanically ventilated. Sedation was maintained with propofol (4 mg/kg bolus, followed by 8 mg/kg/h infusion) and cisatracurium (0.25 mg/kg bolus followed by 8 mg/kg/h infusion). Bilateral femoral venous puncture was performed, a 14-F long sheath was introduced through the right femoral vein, and a 6-F sheath was introduced through the left femoral vein. Unfractionated heparin (100 IU/kg) was administered before the beginning of the procedure (Figure 1 ). Animals were divided into 2 groups: In group 1 (n ¼ 4), several RF applications were performed on the posterior wall of the right atrium (RA) to search for correlations between EGM amplitude and wall thickness changes. In group 2 (n ¼ 5), a maximum of 4 largely separated spots of RF applications was allowed, along the intercaval line, in order to allow easy excision of the lesion for histopathology analysis and correlation with EGM and wall thickness changes (Figure 1 ).
Electrophysiology and ablation procedure
An 8-F diameter/5-mm-tip nonirrigated ablation catheter (Blazer II, Boston Scientific, Malborough, MA) was coupled to a 3.5-F IVUS catheter (40 MHz) (Atlantis Pro, Boston Scientific) and introduced via the 14-F sheath into the RA. A deflectable quadripolar diagnostic catheter (Xtrem, Sorin, Milan, Italy) was introduced via the 6-F sheath into the coronary sinus to monitor sinus rhythm.
Electrical signals from the 4-lead surface electrocardiogram and the distal bipoles of the catheters were processed with a 30-to 500-Hz bandpass filter and recorded digitally (EP MedSystems, Inc, St Jude Medical, St Paul, MN). RF energy was delivered by a dedicated generator (EPT, Boston Scientific, Malborough, MA) connected to the digital recording system, allowing continuous monitoring of RF application parameters (power, impedance, and duration). RF was applied to separate sites, distributed between the superior vena cava and the inferior vena cava, using various settings of energy and duration after ensuring stable catheter position and good image quality (power range 30-50 W; duration 30-120 seconds; temperature cutoff 601C). To ensure good image quality, RF was applied only on plane surfaces (posterior or posteroseptal wall). Electrical amplitude, bipolar signal waveform, and cycle length were recorded immediately before and after the application of RF and after 5-10 minutes under the stable condition. A second or a third application at the same site could be performed if there was no dramatic change in the bipolar EGM or IVUS image, and the catheter position was stable.
IVUS imaging
IVUS imaging was performed with an i-lab station (Boston Scientific). Atlantis Pro is an IVUS 40-MHz rotational probe providing images with an axial resolution of 0.043 mm and a penetration depth of 6 mm. The outer diameter of imaging window is 3.5 F. Images were stored and manually reviewed for thickness measurement after the procedure. Runs were recorded throughout the RF application, and after 5-10 minutes a stable condition could be maintained.
Assessment of RF effect on the atrial wall B-mode images were analyzed for changes in thickness, echogenicity, and shape of the atrial wall. Interposition of an anechoic lamina was interpreted as epicardial effusion if occurring between the epicardium and the myocardium and as intramyocardial effusion if occurring within the myocardium. A greater than 20% increase in wall thickness was interpreted as edema. A mobile hyperechogenic structure was interpreted as a mural thrombus if occurring in the atrial cavity and as an intramural thrombus if occurring in the atrial wall.
Correlation between wall thickness changes and electrical or histological data
Echographic and histological measurements of the atrial wall thickness were performed immediately adjacent to the RF catheter apposition site, perpendicularly to the endocardial plane, from the endocardium to the epicardium. In vivo echographic measurements were performed before and after RF application and repeated 5 minutes later if the catheter and IVUS images were stable. Transmural RF ablation was defined as a greater than 80% decrease in EGM amplitude. 23, 24 Histology Animals were euthanized immediately after the procedure, and their heart was explanted and rinsed. Areas of RF lesions were excised and fixed in 10% formalin. They were then cut perpendicularly to the surface in the central part of the lesion, paraffin embedded, and serial 5-mm sections were obtained with a motorized microtome. Sections were stained with Masson's trichrome and hematein-eosin. Histological analysis was performed with a light microscope (Leitz Dialux, Leica microsystem, Wetzlar , Germany). Photographs and measurements were taken with Labscope software (Zeiss). RF lesions were identified as color changes with Masson's trichrome from red (no RF lesion) to blue (RF lesion). The site of contact of the RF catheter was shown by a depression in the endocardial surface and/or a fibrin deposit. The transmural extent of RF lesions was assessed from the presence of blue stain throughout the atrial wall facing the endocardial area of contact with the RF catheter. 24 
Statistics
Statistical analysis was achieved with Prism V6 software (GraphPad, La Jolla, CA). Data are expressed as mean Ϯ SD. Quantitative variables before and after RF application were compared using a 2-tailed paired t test. The Mann-Whitney U test was used to compare histological and electrical data on the transmural extent of lesions. The Pearson coefficient was used to assess correlations between variables. The results were considered to be significant if the P value was o.05.
Results
Nine Large White piglets were included. Five of them underwent histological and pathological examination (group 2). A total of 66 RF applications were performed in 57 sites in the RA (6.3-3.7 applications per animal). The mean power output was 25.7-6.5 W, temperature 55.8-5.41C, impedance 91.1-5.5 Ω, and duration 52.2-29.2 seconds (see Online Supplemental Table 1 ).
Concomitant recording of the EGM and atrial wall image allowing measurement of myocardial thickness before and after RF application was obtained in all but 2 sites where the catheter position changed during RF application.
Late morphological changes (5-min post-RF) with a concomitant EGM were observed in 26 sites, and interpretable images of myocardial thickness were obtained in all but one site.
Validation of IVUS accuracy
A total of 19 tissue samples were obtained from RF application sites in group 2 to be correlated with echographic images. Histological and echographic measurements of wall thickness could be correlated in 14 sites. In 2 sites, steam pops occurring during RF application prevented accurate measurement on IVUS images. In 3 tissue samples, interpretation was hampered by inadequate preparation. Histological and echographic measurements of atrial wall thickness were significantly correlated (r ¼ 0.71; P ¼ .004) ( Figure 2 ).
Description of RF effect on the atrial wall
IVUS allowed an accurate visualization of the atrial wall before, during, and after RF application. During RF application, image was disturbed by electrical noise but was still interpretable. Before and after RF application, the tip of the RF catheter generated an acoustic shadow, but the atrial wall could be clearly seen right off it, and a slight rotation of the catheter allowed visualization of the RF application zone itself.
Changes in atrial wall thickness and morphology
In the early seconds after RF application, we observed significant changes in atrial wall morphology:
1. Atrial wall thickening occurred usually a few seconds after some RF applications, whereas significant changes in the EGM could be observed without a major change in wall thickness in the others (Figure 3 ). 2. Fluid accumulation, either intramyocardial or epicardial, was detected by IVUS imaging in 34 of 113 runs. In 16 of these 34 runs, a hypoechoic area developed within myocardial layers (Figure 4) . In most cases, these changes could be seen during RF application after a few seconds. Epicardial fluid accumulation occurred a few minutes later but could sometimes be seen before RF application if other sites had been treated previously in the vicinity.
Other unusual but significant changes in atrial wall morphology could also be recorded:
1. Probable intramural bleeding: Local change in intramural echogenicity with a dramatic and rapid change in wall thickness and shape (Figure 4 and online supplemental material material #1).
Steam pop:
Two long (120-second) RF applications were performed with temperature limitation turned off in order to create a clinical steam pop. Without any precursor signs except for the usual change in atrial wall thickness, steam pop produced brutal surface echogenicity changes, probably corresponding to blood coagulation. Histological analysis revealed important disruption of atrial wall architecture and intramural edema ( Figure 5 and additional material 2). Of note, we could see neither morphological changes nor microbubbles that could predict the steam pop as mentioned in other studies. 25,26 3. Thrombus formation on the RF catheter tip: In all RF applications with this nonirrigated catheter, only 1 thrombus was noted, together with intramural bleeding, after prolonged and repeated RF application ( Figure 5 and additional material #3).
Catheter contact and respiratory movements
Coupled IVUS and RF catheters offered useful information about the contact between the RF catheter tip and the atrial wall.
Respiratory changes and subsequent electrical potential shift could be recorded, demonstrating that contact surface and EGM amplitude could vary significantly along the respiratory cycle. IVUS could also detect small changes in contact surface induced by respiratory movement, slight rotations of the catheter, or application in anfractuous surfaces such as the coronary sinus ostium, the crista terminalis, or the cavotricuspid isthmus. 
IVUS imaging and criteria of transmural lesion
The maximal positive deflection (R wave) decreased from 1.17-0.66 to 0.36-0.22 mV (62% Ϯ 25%; P o .0001) after RF application. The total voltage amplitude decreased from 2.20 -1.11 to 0.99-0.62 mV (50% Ϯ 27%; P o .0001). The maximal R wave and total voltage amplitude, 5 minutes after RF application, were 0.36-0.31 and 0.85-0.65 V, respectively (ie, not significantly different from those measured immediately after RF application) ( Table 1 ). The atrial wall thickness changed from 1.34-0.53 mm before RF application to 1.93-0.80 mm after RF application (48% Ϯ 47%; P o .0001). After 5 minutes, it was 1.84 -0.78 mm, that is, not significantly different from that measured immediately after RF application (Table 1) . There was a significant correlation between wall thickening and either Rwave amplitude decrease (r ¼ 0.36) or total voltage amplitude decrease (r ¼ 0.43) (P o .05 for each) ( Figure 6 ).
In 40 of 56 RF applications (71.4%), a greater than 20% increase in wall thickness occurred, but EGM amplitude decrease (1.35 Ϯ 1.32) was not significantly different from that in the other 16 cases (0.77 Ϯ 0.58 mV). In 11 cases, RF application led to a greater than 80% decrease in EGM amplitude and atrial wall thickening was greater (1.04 Ϯ 0.47 mm) than that in the 51 other cases (0.51 Ϯ 0.47 mm; P ¼ .0047). However, the percentage of wall thickening was not significantly different (76% Ϯ 54% vs 45% Ϯ 45%; P ¼ .07).
In the 19 tissue samples available in group 2, all could be analyzed for the transmural extent. In 5, the lesions were nontransmural ( Figure 6 ). RF application duration was longer in transmural than in nontransmural lesions. EGM changes were nonsignificantly greater in the transmural group, and there was no difference in wall thickening ( Table 2 ).
Discussion
We could observe, for the first time, the effects of RF application on the atrial wall, by coupling the IVUS probe to the RF catheter, in a porcine model. Several authors 20 endocardially in the atrium (only 1 of 11 endocardial lesions was interpretable). 11 With its small diameter (3.5 F), the 40-MHz IVUS probe could be coupled to the RF catheter and used during RF application to provide high-resolution Bmode images.
Although IVUS accuracy has been largely demonstrated for the assessment of coronary artery lesions, its use to provide interpretable images of the atrial wall in the presence of the RF catheter and during RF application had not been tested so far. We could obtain interpretable images, and the IVUS probe sustained several RF applications without apparent damage. It allowed real-time diagnosis of intramural edema, microthrombus formation on the catheter tip or on the endocardial surface of the atrial wall, and epicardial effusion. Myocardium could also be easily differentiated from endo-or epicardium.
Imaging of the atrial wall during RF application
We could see that RF application could lead to dramatic and rapid changes in atrial wall thickness and shape, which confirm results reported by previous authors 20,21 who used intracardiac echography not coupled to the RF catheter. Wall thickness increase appeared to be mostly due to edema or microscopic intramural hemorrhage, as revealed by histological analysis. Formation of intramural or intracavitary thrombus, development of an intramural or epicardic hypoechoic area suggesting effusion, or visualization of an adjacent anatomical structure (eg, aorta and left atrium) beyond the atrial wall could be of interest for clinical practice, as it should lead the operator to change his or her strategy and especially avoid repetitive RF applications when the EGM does not exhibit a significant decrease. Real-time imaging of RFinduced atrial tissue morphological changes allows illustrating the concept of "too much ablation." In the current clinical practice, as far as impedance and temperature are stable, there is no safety end point to stop RF application. EGM disappearance is the most widely used efficiency end point, but echographic imaging could provide a new safety end point to decide when to stop RF application.
However, there were some limitations in RF imaging by the IVUS probe. IVUS accuracy exhibits a good, but not perfect, correlation with histological samples. This could be explained by the measurement of tissue sample thickness that depends on the angle section, whereas in vivo thickness measurement may vary with the angle of view and the contact force applied. IVUS imaging is easily interpretable on plane surfaces such as the posterior right atrial wall. Nevertheless, in locations with trabeculation or large motion amplitude, interpretation may prove much more difficult.
The tip of the RF catheter creates an acoustic shadow. Therefore, only the margin of the treated area can be directly monitored during RF application. Nevertheless, a slight rotation of the catheter allows visualization of the exact site of treatment immediately after RF application.
Assessment of the transmural extent of RF-induced lesions
We were able to monitor RF-induced changes in the atrial wall together with electrical changes that are the current accepted criteria to monitor RF efficiency in the catheterization laboratory, but we did not find any correlation between them. Some RF applications could lead to the disappearance of electrical activity without any significant change in atrial wall morphology, whereas some other could lead to dramatic changes without any significant electrical change. Unlike Wright et al, 11 we could not find any significant, easily interpretable, predictive change in atrial wall echogenicity during the 64 runs we recorded. One explanation could be that these authors used a laboratory-made M-mode catheter, while we used a commercially available B-mode catheter. Moreover, as mentioned above, B-mode images were disturbed by electrical noise during RF application. Although images were still interpretable, subjective interpretation of echogenicity would have been hazardous. Therefore, we focused on the more objective and reproducible thickness measurement and its correlation with the transmural extent.
Assessing the transmural extent of RF-induced lesion is of great interest in the clinical practice. Recently, contact force catheters have been introduced to provide this precious additional information and are now widely used. 7 They allow better efficiency of RF lesion, leading to faster procedure and less RF applications. 29, 30 Some authors have proposed algorithms to assess the probability of transmural lesion by using a composite index of delivered power, time, and contact force. 10, 31 However, direct monitoring of RF-induced lesions and their transmural extent is still not available.
As emphasized recently by Ikeda et al, 32 contact force influences lesion size, but neither contact force nor EGM changes are good predictors of the transmural extent.
In our study, we did not find any echographic criteria of transmural lesions, but we did not evaluate criteria other than acute changes in wall thickness. Following up lesions for a few weeks after RF application and/or new image processing techniques such as thermal strain imaging could be of interest and mandate further investigation.
Some issues remain to be solved before coupled RF and IVUS catheters can be introduced into the clinical practice. We did not perform ablation procedures in the left atrium because of technical issues and the size of animals. We did not use irrigated RF catheters. Imaging the exact site of RFcatheter contact would be useful but technically challenging. Nevertheless, we are confident that a combined RF and IVUS catheter would be suitable for clinical use for RF ablation of atrial fibrillation or ventricular tachycardia.
Conclusion
An IVUS probe coupled to an RF catheter can provide relevant real-time imaging of the atrial wall during ablation. Although thickness change does not appear to be a good predictor of the transmural extent, direct visualization and monitoring of RF application may provide new information to guide and secure RF ablation. 
